INTRODUCTION
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Due to their sessile lifestyle, plants have evolved various mechanisms to respond to 3 7 environmental stresses. Alternative splicing (AS), a mechanism by which different mature RNAs mRNA, is known to be important for stress-induced responses in plants (Mastrangelo et al., 2012; 4 0 Staiger and Brown, 2013). Both biotic and abiotic stresses such as herbivores (Ling et al., 2015) , ( Figure 3B ). Together, these results suggest that AS coupled with PTC is more conserved than 2 5 5 regular AS and some of these AS-PTC pairs may play essential roles in plants. To further understand the mechanisms that contributed to the rapid turnover of AS among 2 6 0 species, it is necessary to identify the key features of AS in plants, which was largely unknown 2 6 1 (Reddy et al., 2013) . Because splicing is often mediated by SS, we were interested in whether the junctions revealed that their SS are overall very similar ( Figure S8 ). Furthermore, we separately 2 6 5 identified sequence motifs (12-mer) that are enriched in 5' and 3' splice sites (SS) compared to 2 6 6 random sequences and found that these identified motifs are also highly conserved among 2 6 7 studied species ( Figure S9 ).
6 8
When alternative SS is present, the distance between the regular and the nearest 2 6 9 alternative SS and inter-GT/AG, splicing junction size and the strength of the alternative SS are 2009; Braunschweig et al., 2014; Rosenberg et al., 2015) . For the different AS types, we 2 7 2 compared these features from both constitutively and alternatively spliced junctions. Because exon skipping (ES) events are rare in all species, we only studied the three most abundant AS types (AltD, AltA and IR). The results showed that for a given junction, while the likelihood of both AltD and AltA decreases with the distance between authentic and alternative SS as well as the distance between authentic SS and the nearest internal GT/AG, the likelihood of both AltD and AltA increases with junction size ( Figure 4A and B). Interestingly, although the likelihood of IR in smaller junctions appears larger than in large junctions, no significant correlation with 2 7 9 junction size was found ( Figure S10A ). Both 5' and 3' SS of the junction with IR are 2 8 0 significantly weaker than constitutive junction ( Figure S10B ).
8 1
Furthermore, the presence/absence of UA-rich tract, polypyrimidine (PPT) tract, branch 2 8 2 site (BS) is also known to be associated with 3' splicing recognition in eukaryotes 2 8 3 (Lewandowska et al., 2004; Fu and Ares, 2014) . We compared the frequency of AltA and IR in junctions without UA and PPT than junctions with them, while the presence of BS had no 2 8 7 significant effect ( Figure S11 ).
8 8
Cis-regulatory elements, including enhancers and silencers near SS are also important for 2 8 9 the regulations of splicing. To identify these candidate regulatory elements, we performed de 2 9 0 novo hexamer motif enrichment analysis by comparing 50 bp sequences from 5' and 3' sides of 2 9 1 both donor and acceptor sites between alternatively spliced and constitutively spliced junctions.
9 2
The results showed that most of the putative enhancer motifs for alternatively spliced junctions 2 9 3 are highly similar to the identified SS. In addition, we also identified several putative silencer To evaluate whether these identified features represent the AS determinants, we used a 2 9 8 machine learning approach and modeled the different types of AS in each of the studied species. The rationale for this approach is that if the features we identified as representative of the key AS 3 0 0 determinants were accurate, we would be able to predict whether an exon-intron junction is this, we combined all of extracted featured mentioned above. In addition, we also extracted junction, which represent levels of expression that is known to be associated with AS, as well as distance between the authentic SS and the nearest alternative 5'SS or inter GT, the junction size
and presence/absence of 5' additional SS in the intron are among the top important features for
the prediction in all species (Supplemental file 1). In addition, the frame shifts introduced by the 3 1 7 nearest alternative 5' SS and nearest GT were also important contributors to the model 2). Together, these results showed that the mechanisms regulating AltD and AltA are likely overall conserved among the studied species. Changes in AS determinants contributed to the rapid turnover of AS in plants
The relatively conserved AS regulation mechanisms among studied species provide a 3 2 6 foundation for investigating the mechanisms that contributed to a rapid turnover of AS among
closely related plant species. We hypothesized that the changes in the identified AS determinants changes of the identified AS determinants and AS conservation among closely related species. Because we did not find determinants for IR, we only focused on the evolution of AltA and AltD. Variation in the distance between authentic SS and alternative SS or inter-GT/AG were 3 3 2 negatively associated with AS conservation: the levels of AS conservation decreased with 3 3 3 increasing distance in all three pairs of comparisons ( Figure 5A and B), for both AltD and AltA. In addition, the changes in the reading frame introduced by the alternative SS also significantly Supplemental file 2) significantly reduced the conservation for AltA ( Figure S14B ), but did not To further systematically analyze different factors that might affect the conservation of 3 4 2 AS, we constructed an AS evolution model for each closely related species pair using a deep 3 4 3 learning method. In addition to the key AS determinants identified in this study, we also included between species in the model, such as changes in copy numbers (role of gene duplications), Among all five plant species, the distance between the 5'/3' nearest alternative splice Figure 4A and B) . Interestingly, similar patterns were also found in mammals, in which, the 4 1 6 closer the alternative SS was to the authentic SS, the more likely it was used for AS (Dou et al., Although, the BS in plants is not well studied and BS was not identified in ~30% of junctions indicates that the mechanisms of generating AS, at least for AltA, might be similar between these 4 2 5 two kingdoms.
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While the deep learning model for AltA achieved high precision and specificity among 4 2 7 five species (AUC > 0.9), the models for AltD performed less well than those for AltA, although 4 2 8 still performing much better than by chance (AUC < 0.8, Figure 4C and D, S13). This indicates 4 2 9 that additional determinants that contribute to the regulations of AltD were not detected by our increase the likelihood of introducing intronic SREs. In our attempts to identify SREs, although a 4 4 0 few candidate sequence motifs were identified using the enrichment analysis, none of them transcriptome data used in this study was not sufficient to detect all of the IR junctions. For both AltA and AltD, their rapid evolution between closely related species were as consequence is likely to be shared among different tissues. Consistently, in vertebrates, the 4 6 6 mutations that affect intronic splicing regulatory elements (SREs) were shown to be the main 4 6 7 factor that resulted in the dominant species-specific splicing pattern (Merkin et al., 2012) .
However, our data can not exclude the possibility that the species-specific trans-factors, such as We also investigated other factors that were hypothesized to affect AS evolution, such as effects of which were found to be species-specific, most of the tested factors did not show and Supplemental file 2). The species-specific effects of TE on the AS conservation were likely We found that the AS profiles diverged rapidly in plants, which is largely due to rapid 
MATERIALS AND METHODS
9 2
Read mapping, transcripts assembly and abundance estimation 4 9 3
The raw sequence reads were trimmed using AdapterRemoval (v1.1) (Lindgreen, 2012) Table S1 and S2. The transcripts of each species were assembled using Cufflinks (v2.2.0) (Trapnell et al., was calculated for each gene/transcript (Wagner et al., 2012) . Only genes with TPM greater than 5 1 0 five in at least one sample were considered as an expressed gene. All AS analysis were based on splicing junctions obtained from the BAM files produced by Tophat2. To remove the false positive junctions that were likely due to non-specific or (within one-to-one orthologues) in three Brassicaceae species. Supplemental Figure S8 . The probability of DNA bases surrounding SS with different AS types 6 6 9 compared to regular SS in five plant species. 
